Abstract-The logarithm of the octanol/water partition coefficient has been widely used as the sole physicochemical property to define various types of biological activity, such as aquatic toxicity. In the present study, we derive a quantitative structure-activity relationship (QSAR) equation for the prediction of acute aquatic toxicity (48-h median effective concentration) of quaternary alkylammonium sulfobetaines to the aquatic invertebrate Daphnia magna Straus. The single-parameter approach described is also based on the hydrophobicity parameter, log P. The 17 zwitterionic compounds were considered for QSAR development. They have the general formula RN ϩ (CH 3 ) 2 (CH 2 ) n , where n ϭ 2 to 4, and were synthesized by reacting the corresponding N,N-dimethylamines Ϫ SO 3 with either sodium-2-chloroethanesulfonate (n ϭ 2), 1,3-propanesultone (n ϭ 3), or 1,4-butanesultone (n ϭ 4). The R group was either a C6 to C12 alkyl chain, a phenylalkyl unit bearing a C1 to C4 chain, or a phenylpropyl unit with a C4 to C6 para-substituted alkyl group. Octanol/water partition coefficients were experimentally determined via a conventional stir-flask procedure, which was quantified using a reverse-phase, high-performance liquid chromatographic technique coupled with either an ultraviolet or an electrospray ionization mass spectrometry detection system. Median effective concentration values were also determined experimentally via a standard acute immobilization test recommended by Organisation for Economic Cooperation and Development (Paris, France) Guideline 202. The established QSAR equation for such zwitterionic compounds is consistent with the standard equation that normally defines the polar narcosis mode of toxic action.
INTRODUCTION
Quantitative structure-activity relationships (QSARs) for aquatic toxicity have become valuable tools for use in environmental risk assessment, such as during the screening processes for new surfactants, and they can often indicate the mode of action displayed by a series of xenobiotics [1, 2] . The literature is replete with reports that utilize the hydrophobicity parameter, the logarithm of the octanol/water partition coefficient (log P), to model various types of biological activity, such as aquatic toxicity (both acute and chronic), bioconcentration, and even biodegradation [3] . Other physicochemical properties may be involved, but hydrophobicity clearly is a key factor [4] . A simple model is often used for the prediction of aquatic toxicity: pEC50 (48 h) or pLC50 (96 h) ϭ a log P ϩ b (1) where LC50 is the negative logarithm of the concentration causing lethality in 50% of the population of test organisms, EC50 is the negative logarithm of the concentration causing a specified effect (e.g., immobilization) in 50% of the population of test organisms, and a and b are constants that depend on the chemical structure and, often, on the animal species employed in the investigation. The accuracy of the model obviously depends on the source and the size of the data set used to build the model. The QSARs can be used to predict the aquatic toxicity of unknowns if they structurally resemble the group of chemicals originally used to derive the QSAR [5] .
The mode of toxic action most easily predicted using QSARs is nonspecific (or baseline) narcosis. General anesthetics and many other compounds studied by pioneering workers in this field are thought to act in this way [6] . The acute aquatic toxicities of chemically unreactive nonelectrolytes, such as hydrocarbons, ethers, alcohols, and ketones, are well correlated with their octanol/water partition coefficients by the general narcosis equation (Eqn. 2) [1] . Roberts [7] has demonstrated the applicability of this equation to aquatic toxicity of nonionic surfactants: pEC50 ϭ 0.87 log P ϩ 1.13 (2) As defined above, the parameter EC50 is the concentration causing a specified effect in 50% of the population of test organisms. For Equation 2 (and Eqn. 3; introduced later), the specified effect originally was lethality, and the original authors used LC50. Equation 2 was derived from a set of experimental guppy EC50 values and experimentally determined log P values for 50 compounds [8] . It has subsequently been found to apply to many other compounds and a variety of aquatic species. For tests involving Daphnia sp., EC50 is related to 50% immobilization [1] . Much progress has been made-and is still being madetoward the development of QSARs for nonelectrolytes, but only a limited amount of work has been carried out on organic electrolytes, which are completely or partially ionized in water. J. Davies et al. However, a number of QSARs have now been reported for phenols [9] [10] [11] [12] [13] .
Phenols exist as an equilibrium between the neutral and the ionized species and are more toxic than predicted by narcosis baseline toxicity models, such as Equation 2. This indicates that these compounds have somewhat different modes of toxic action. A polar narcosis equation (Eqn. 3), developed by Saarikoski and Viluksela [9] , applied to a variety of phenolic compounds and was derived from data regarding fathead minnow toxicity. As with Equation 2, interspecies variability tends to be small, and Equation 3 may be applied generally to fish and aquatic invertebrates that derive oxygen from ambient water [1] :
Anionic surfactant toxicities are well correlated with log P by equations that are intermediate between Equations 2 and 3, but anionic surfactants are confirmed to act as polar narcotics [1] .
Many compounds have proved to be more toxic than determined by Equation 2, but only a few cases of abnormally low toxicity are known. These cases are explained in terms of low bioavailability (i.e., the solubility in water is lower than expected) [1] .
Recently, Singh et al. (W.P. Singh, Texas A&M University, College Station, TX, USA, personal communication) attempted to model cationic, quaternary ammonium salts for aquatic toxicity behavior using the fathead minnow as the test species. The QSAR they presented, given by Equation 4 , suggests that this class of compounds is significantly more toxic than even polar narcosis predicts: 2 pEC50 ϭ 1.08 log P ϩ 4. 19 (n ϭ 8; r ϭ 0.97) (4)
The log P values for the quaternary ammonium salts used in the derivation of the above QSAR were obtained by calculation using the approach described by Hansch and Leo [14] . Roberts and Costello [15] recognized that the log P calculation method for these compounds was misleading and amended this QSAR as shown by Equation 5 . Their amendments are based on a reinterpretation of the underlying solvation chemistry. This reinterpretation was tested using micellization data for cationic surfactants, because it was found that a cationic surfactant is similar in its micellization potential to the anionic surfactant bearing the same hydrophobe:
This brings the QSAR more in line with the standard polar narcosis equation given by Equation 3. Roberts and Costello have also completed a short mixture toxicity study, the results of which indicate that cationic compounds of the quaternary ammonium type are, indeed, polar narcotics. Currently, two schools of thought surround the existence of nonpolar and polar mechanisms of toxic action. Many authors believe in a real distinction between these mechanisms. However, more recently, support has grown for the suggestion that no difference exists and that the apparent distinction has arisen purely because log P is, in fact, an imperfect descriptor of partitioning into a lipid membrane. Vaes et al. [16] agree that the apparent difference in the mode of toxic action is simply an artifact of log P being an inadequate parameter for toxicity modeling. Roberts and Costello [17] argue that the two modes of toxic action are genuinely different. Their reasons include the existence of statistically significant differences in QSARs for the two classes of narcotics (even when based on membrane/water partition coefficients), fish acute toxicity syndrome differences, and evidence provided by mixture toxicity experiments. Those authors suggest that a polar narcotic can partition into the membrane in such a way that the head group of the intruding species is associated with a polar head group of a phospholipid, whereas the rest of the molecule is in the hydrocarbon-like environment of the membrane. A solute molecule partitioning in this way is, like the phospholipid molecules of the lipid bilayer, able to move freely in two dimensions only. In contrast, general narcotics are most likely to dissolve in the hydrocarbon-like interior of the membrane, where they are essentially free to move in all three dimensions.
Zwitterionic surfactants, such as the quaternary alkylammonium sulfobetaines, have a wide range of potential uses in the surfactant industry. Currently, the most significant commercial applications are in toiletries and personal care products to promote mildness. Betaines also form mixed micelles with anionic surfactants, maintaining mildness and providing many other advantageous properties in personal care products, such as lower ocular irritation and higher foaming power (which can be further enhanced by addition of a nonionic surfactant) [18, 19] . Development of QSARs to predict aquatic toxicity of quaternary alkylammonium sulfobetaines is expected to allow further progression of these compounds in the surfactant industry. Furthermore, sulfobetaines have found applications in the textile, paint, photographic, oil, and pharmaceutical industries [18, 19] , in which QSARs for aquatic toxicity may also be useful. Until now, the literature has been devoid of any effort to model zwitterionic compounds (whether surfactants or nonsurfactants) for aquatic toxicity behavior. Here, we report our findings leading to the development of a log P-based QSAR for the prediction of acute aquatic toxicity of quaternary alkylammonium sulfobetaines.
MATERIALS AND METHODS
The compounds investigated in the present study were a series of zwitterionic sulfobetaines (compounds 1-17) (Fig.  1) . These compounds belong to three subseries that vary in the length of the spacer unit separating the quaternary ammonium center from the sulfonate group. In addition, compounds 8, 9, and 15 contain an aromatic ring that is separated from the quaternary ammonium center by one or two methylene groups; in compounds 10, 11, 16, and 17, the aromatic ring also carries a para alkyl substituent [20] .
For construction of an aquatic toxicity QSAR, two sets of parameters were required. The first set was the log P values for the chosen data set. The second set was corresponding EC50 values for the zwitterionic sulfobetaines.
Determinations of octanol/water partition coefficients for the sulfobetaines were made experimentally using the conventional stir-flask method [21, 22] . The EC50 values for aquatic toxicity to Daphnia magna Straus were also obtained through experimental determination [23] . The specified effect was immobilization, which may be defined as the inability of a daphnid to swim within 15 s after gentle agitation of the test vessel (even if it can still move its antennae). Once the two reliable sets of data were obtained for a total of 17 sulfobetaines, simple regression analysis was performed using Statistica software (Ver 6; StatSoft, Tulsa, OK, USA) to establish the linear relationship between log P and the 48-h pEC50 for the sulfobetaines. Compound 3 did not fit the correlation, and including it significantly lowered the correlation coefficient. As a result, 16 sulfobetaines were used in the derivation of the QSAR model.
Measurement of log P
Both N-octanol (5 ml) and water (5 ml) were continuously stirred in a sealed, round-bottomed flask for 24 h to achieve mutual saturation of the phases. The test vessel was thermostatted at 22 Ϯ 1ЊC using a water bath. After 24 h, the solute (7-70 mg, depending on the critical micelle concentration) was added and continuously stirred for a further 24 h under the same temperature control. The phases were separated, and then an aliquot of each layer was taken and diluted to incorporate an internal standard.
For quantitation of the phenylalkyl (and para-substituted phenylpropyl) sulfobetaines 8 to 11 and 15 to 17, a reversephase, high-performance liquid chromatographic (HPLC) technique was employed (using various compositions of an acetonitrile-water mobile phase) along with ultraviolet detection at 266 nm for phenylalkyl derivatives and 220 nm for the parasubstituted phenylpropyl derivatives. Phenol was used as the internal standard. Both layers of the biphasic system were analyzed using this method. The HPLC system employed was a Hewlett-Packard 1100 with quaternary pump, Hewlett-Packard Chemstation, and Hewlett-Packard 1100 variable-wavelength detector (Agilent Technologies, Avondale, PA, USA). The columns used for the reverse-phase separations were the Synergi Polar-RP (80 Å , 4 , 4.6 ϫ 150 mm) and the Synergi Max-RP (80 Å , 4 , 4.6 ϫ 150 mm; both from Phenomenex, Macclesfield, UK). The mobile phase in each case was eluted at 1 ml/min, and the injection volume was 20 l.
For quantitation of the alkyl sulfobetaines 1 to 7 and 12 to 14 that lacked a chromophore suitable for ultraviolet detection, a reverse-phase HPLC technique was employed (using various compositions of an acetonitrile-water mobile phase) and detection by electrospray ionization mass spectrometry (in positive-ion mode) with single-ion monitoring of [M ϩ H] ϩ . A Thermo Finnigan aQa, single quadropole mass spectrometer (Thermo Quest, Manchester, UK) was employed for detection of these compounds. The probe voltage and temperature were 4.5 kV and 300ЊC, respectively. The mobile phase was eluted at 1 ml/min, split to 100 l/min to mass spectrometry. The injection volume for all analyses was 20 l. The columns used for the reverse-phase separations were the Aqua C18 (125 Å , 5 , 4.6 ϫ 250 mm; Phenomenex) and Synergi Max-RP (80 Å , 4 , 4.6 ϫ 150 mm). The internal standard employed for these investigations was N-decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, but this was replaced with N-dodecyl-N,Ndimethyl-3-ammonio-1-propanesulfonate for quantitation of compound 6.
Determination of EC50
The acute immobilization test was performed on neonates (D. magna; age, Ͻ24 h). Elendt M7 was used as the dilution medium for preparation of the test concentrations. For each definitive test, five test concentrations and a control were used. Twenty daphnids, divided into four groups of five, were used for each concentration and control. The total test volume was maintained at 50 ml, providing 10 ml of test solution for each daphnid. Semistatic methodology was employed for these investigations, in which renewal of the test media took place at 24 h. The water quality (temperature, pH, dissolved oxygen content, and total hardness) was strictly monitored throughout the test. The photoperiod was maintained at 16:8-h light:dark, with normal laboratory intensity. The number of daphnids immobile at 48 h was expressed as a percentage, and then the 48-h EC50 was calculated by three independent statistical methods (binomial, moving average, and probit method) in mg/L and then converted to mol/L for QSAR development. The EC50 values reported for use in QSAR development were the figures displaying the narrowest 95% confidence intervals. Further details concerning the Daphnia sp. acute immobilization test are given in Organisation for Economic Cooperation and Development Guideline 202 [23] .
RESULTS AND DISCUSSION
Log P is defined as the logarithm of the concentration of analyte in octanol divided by the concentration of analyte in water. When both layers of a stir-flask experiment are analyzed, it is not necessary to derive a response factor (of analyte to internal standard), because log P is simply a ratio and the response factor is cancelled out in the calculation of log P. This greatly reduces the analysis time, because calibration plots of concentration ratio versus peak-area ratio are not required.
Both nonsurfactants and short-chain surfactants were chosen for the measurement of log P, because it is experimentally difficult (but not impossible) to measure log P for true surfactants. Surfactants are inclined to reside on the octanol/water interface and to solubilize octanol in water and water in octanol. These interfacial phenomena have the tendency to complicate the partitioning process [1] .
Sulfobetaine molecules are, indeed, zwitterionic, but overall, they are electrically neutral. So, for this set of compounds, it is appropriate to determine log P as opposed to log D, which is only relevant when the structure of the compound in question is pH-dependent (i.e., may be partly ionized and partly nonionized). Sulfobetaines are effectively neutral compounds with large local maxima and minima of charge density, and they are in the same form over the entire pH range.
Compound 3 has been omitted from Figure 2 and from Equation 7 (introduced later), because it was an outlier not only in the log P-based QSAR but also in the logarithm of the immobilized artificial membrane capacity factor (log k IAM )-based QSAR given by Equation 8 (introduced later). Its inclusion in the log P-based QSAR changes the correlation equation quite dramatically and lowers the correlation coefficient (see Eqn. 6). It therefore seems possible that this sulfobetaine is displaying a different mode of toxic action. Because it is the sulfobetaine with the lowest molecular weight, it may be small enough to penetrate the membrane directly or be carried by an ion channel, and this may override its dependence on hydrophobicity. This conclusion is supported by the fact that compounds 3 and 13 have almost identical log P values (de- a Median effective concentration (EC50) may be defined as the concentration causing a specified effect (e.g., immobilization) in 50% of the population of test organisms. This table also shows the relationship between the logarithm of the immobilized artificial membrane capacity factor (log k IAM ) and aquatic toxicity. The compounds are numbered 1 to 17 in accordance with Figure 1 .
spite being structurally different and possessing different molecular weights) but totally different aquatic toxicities: 2 pEC50 ϭ 0.59 log P ϩ 2.73 (n ϭ 17, r ϭ 0.83) (6) In the case of all three subclasses (n ϭ 2, 3, and 4) of quaternary alkylammonium compounds, an overall increase in log P, corresponding to an increase in the number of methylene groups in the main alkyl chain, seems generally apparent. However, it is interesting that for both the propane-and butanesulfonate subseries, the compounds bearing the C7 alkyl chain have log P values significantly less than those of analogous compounds bearing a C6 alkyl chain (Table 1) . Good correlation was observed between log P and pEC50 values for the 16 compounds (Table 1 and Fig. 2) . The correlation coefficient (r 2 ) for the data set was 0.87, which is rendered extremely reliable if we consider that both parameters were determined experimentally with their individual associated errors (log P, Ϯ0.05; EC50, Ϯ10% mmol/L) and that a wide range of P values, spanning approximately four orders of magnitude, was investigated. The QSAR equation is summarized in Equation 7: pEC50 ϭ 0.61(Ϯ0.13)log P ϩ 2.69(Ϯ0.18) 2 (n ϭ 16; r ϭ 0.87; S ϭ 0.36; F ϭ 94.1) (7) From a comparison of the derived log P-based QSAR for the zwitterionics (Eqn. 7) and the baseline narcosis equation (Eqn. 2), it is obvious that this set of compounds is more toxic than general narcotics. The r 2 value of 0.87 for the data set means that 87% of the variance in the aquatic toxicity data is explained by the logarithm of the octanol/water partition coefficient. This suggests that the toxicity of the sulfobetaines is largely dependent on the hydrophobicity of the molecule. However, because the correlation between these parameters does deviate from 100%, we cannot rule out the possibility that other factors, aside from hydrophobicity, also affect the overall toxicity.
We have since investigated the correlation between aquatic toxicity and log k IAM , and we have found that the correlation is improved to 93% using a smaller data set (Eqn. 8) [24] . Log k IAM is a measure of phospholipophilicity, a parameter that takes into consideration a combination of hydrophobic, ionpairing, and hydrogen-bonding interactions. Log k IAM correlates better than log P with aquatic toxicity, which suggests that the interactions involved in membrane transport and aquatic toxicity are more complex than revealed by the measurement of log P for zwitterionic compounds. Furthermore, two-dimensional models of the lipid membrane are likely to be more relevant for polar compounds, because in two dimensions, ionic interactions are more significant: 
CONCLUSION
Toxicological information regarding the environmental effects of new chemicals is required by legislation, such as the European Economic Community Directive [25] . This directive prescribes experimental toxicity data, so the application of QSARs for new chemicals has been limited to a certain extent. This is linked with the difficulty in recognizing to which of the many established QSARs the chemical of interest corresponds [26] . Traditionally, selection of a QSAR for use in risk assessment has been based on the implicit assumption that compounds from the same chemical class should behave in a toxicologically similar manner. This working hypothesis seems reasonable, but delineation of chemical classes often is problematic [2] . Therefore, QSARs are not a universal panacea. Nevertheless, progress in the development and use of QSARs in predictive ecotoxicology has been rapid, and it seems certain that their use will continue to increase in the future [27] . They have become very valuable during the early stages of screening processes for new surfactants in the detergent industry. They are often used to decide whether experimental evaluation of a potential pollutant is desirable as well as to assist in the improvement of our understanding of which structural characteristics actually give rise to specific modes of toxic action.
Furthermore, QSARs can help with prediction of the toxicity of unsynthesized compounds that can, in turn, stimulate production of new chemicals with potentially lower environmental hazards. Recent publications have addressed important guidelines concerning the development and application of QSARs [28, 29] , and because of the increased status of QSARs in toxicology, the current Registration, Authorization, and Restrictions of Chemicals proposal [30] is considering the replacement of results from animal testing by aquatic toxicities predicted by QSARs (in certain cases).
A linear relationship exists between log P and toxicity for quaternary alkylammonium sulfobetaines, and this gives rise to a simple, linear QSAR equation, as expected. The derived QSAR (Eqn. 6) is extremely close to that of the standard polar narcosis equation, which indicates that sulfobetaines are, indeed, polar narcotics. This is in agreement with the results for other ionic compounds previously studied by a range of independent authors. This equation can now be used for the prediction of toxicity of other alkylammonium sulfobetaines for which log P has already been deduced by calculation [31] or by experiment.
We have proved that log P is sufficient for use as the sole physicochemical property for defining toxicity of zwitterionic compounds, such as sulfobetaines, but we have also acknowledged the better correlation between the two-dimensional phospholipophilicity parameter, log k IAM , and aquatic toxicity. This conclusion is in accordance with that in the recent paper by Roberts and Costello, which demonstrated that the differences between general and polar narcosis are simply rationalized in terms of general narcotics acting via three-dimensional and polar narcotics via two-dimensional partitioning, with these two mechanisms being independent of each other [17] . The three-dimensional partitioning may be conceived of as a process that allows the freedom for translocation in the x, y, and z planes (as in the liquid-liquid octanol/water system), whereas a two-dimensional partitioning process appears to involve interaction at a surface (as with a HPLC bonded phase).
